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A quantitative analysis of the activation and inactivation
kinetics of HERG expressed in Xenopus oocytes

Shimin Wang, Shuguang Liu, Michael J. Morales, Harold C. Strauss
and Randall L. Rasmusson *

Departments of Medicine, Biomedical Engineering and Pharmacology,
Duke University Medical Center, Durham, NC, USA

1. The human ether d-go-go-related gene (HERG) encodes a K* channel that is believed to be
the basis of the delayed rectified current, I, in cardiac muscle. We studied HERG
expressed in Xenopus oocytes using a two-electrode and cut-open oocyte clamp technique
with [K*], of 2 and 98 mm.

2. The time course of activation of the channel was measured using an envelope of tails
protocol and demonstrated that activation of the heterologously expressed HERG current
(Iggre) Was sigmoidal in onset. At least three closed states were required to reproduce the
sigmoid time course.

3. The voltage dependence of the activation process and its saturation at positive voltages
suggested the existence of at least one relatively voltage-insensitive step. A three closed state
activation model with a single voltage-insensitive intermediate closed state was able to
reproduce the time and voltage dependence of activation, deactivation and steady-state
activation. Activation was insensitive to changes in [K*],.

4. Both inactivation and recovery time constants increased with a change of [K*], from 2 to
98 mm. Steady-state inactivation shifted by ~30 mV in the depolarized direction with a
change from 2 to 98 mm K.

5. Simulations showed that modulation of inactivation is a minimal component of the increase

of this current by [K*],, and that a large increase in total conductance must also occur.

Cardiac delayed rectified K* channels have long been known
to be important in repolarization and pacemaker activity
(McAllister, Noble & Tsien, 1975; Noble, 1984; Shibata &
Giles, 1985; DiFrancesco, 1985; Anumonwo, Freeman,
Kwok & Kass, 1992; Campbell, Rasmusson & Strauss,
1992; Wang, Fermini & Nattel, 1993; Muraki, Imiazumi,
Watanabe, Habuchi & Giles, 1995; Verhiejck, van Ginneken,
Bourier & Bouman, 1995). In cardiac myocytes, at least two
types of K* channels have been shown to contribute to the
development of delayed rectification and repolarization in
cardiac muscle. One of these activates slowly (L) and the
other activates much more rapidly and shows strong time-
dependent rectification (I,) (Balser, Bennett & Roden,
1990; Jurkiewicz & Sanguinetti, 1993). In particular, I, is
believed to have the HERG (ether-a-go-go-related) gene as its
molecular basis because expression of HERG results in a
channel with distinctive characteristics similar to native I,
observed in myocytes (Sanguinetti, Jiang, Curran & Keating,
1995, Trudeau, Warmke, Ganetzky & Robertson, 1995a).
Furthermore, mutations in HERG have been linked to a

familial form of long QT syndrome (Curran, Splawski,
Timothy, Vincent, Green & Keating, 1995) indicating that
Iy, is an important contributor to repolarization despite its
small size compared with other K* currents (e.g. I, Ixs,
and Iy,) in many mammalian preparations. Quantitative
measurement of this channel has relied on the specificity of
block by the Class III antiarrhythmic compounds E-4031 (1-
[2-(6-methyl-2-pyridyl) ethyl]-4-(4-methylsulphonyl amino-
benzoyl) piperidine), dofetilide and almokalant (Carmeliet,
1992, 1993; Jurkiewicz & Sanguinetti, 1993).

Recently it has been shown that rectification arises from a
rapid inactivation process (Smith, Baukrowitz & Yellen,
1996; Wang, Morales, Liu, Strauss & Rasmusson, 1996b;
Spector, Curran, Zou & Sanguinetti, 1996). Quantitative
analysis of activation in the presence of rapid inactivation is
critically dependent upon separation of activation from
inactivation (Liu, Rasmusson, Campbell, Wang & Strauss,
1996). For example, inactivation of I, is faster than
channel activation which can alter the apparent time course
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of current activation (Liu et al. 1996). To overcome this
problem, Liu et al. (1996) examined the development of tail
currents, which eliminated inactivation as a factor in this
analysis and previously unmeasured properties of Iy,
became readily apparent. The most important of these was
the observation that activation showed substantial sigmoidal
deviation from single-exponential activation and voltage-
dependent saturation in its ‘on’ rate, suggesting the presence
of a voltage-independent step in the activation sequence.
The sigmoidal delay resulting from multiple states in the
activation pathway of I, is similar to the activation process
of other voltage-gated K* channels (Hoshi, Zaggotta &
Aldrich, 1994). However, the presence of a major rate-
limiting voltage-independent step preceding activation is
unique among voltage-gated K* channels. These important
properties of transient behaviour at positive potentials,
sigmoidal activation of tail currents and voltage-insensitive
steps in the activation sequence, have not been demonstrated
or quantitatively modelled for the HERG channel (Clay,
Ogbaghebriel, Paquette, Sasyniuk & Shrier, 1995). In
addition, the use of drug-sensitive subtraction and the
presence of overlapping K* currents limited the voltage
range and extracellular [K*] range for biophysical
characterization of the native channel.

Another distinctive property of Iy, and the heterologously
expressed HERG current, Lipgg, is time-dependent inward
rectification. The strong inward rectification of Iygppe and
Iy, has recently been proposed to result from a time-
dependent inactivation-like process (Shibaski, 1987;
Sanguinetti et al. 1995; Smith et al. 1996; Wang et al.
1996 b; Spector et al. 1996). This inactivation process has
recently been proposed to result from closure of the external
mouth of the pore, or C-type inactivation (Smith et al. 1996;
Schonherr & Heinemann, 1996) and to be insensitive to
N-terminal deletion (Spector et al. 1996; Schonherr &
Heinemann, 1996). However, this inactivation process has
not been quantitatively characterized over the physiological
range of potentials.

In this study, we measure and quantitatively model the time
and voltage dependence of the activation and inactivation
processes of HERG. Inactivation of HERG has a strong
bell-shaped voltage dependence of inactivation and recovery
time constants. Inactivation, but not activation, is altered
by [K*],. In contrast to inactivation in other K* channels,
both development and recovery from inactivation are slowed
by increased [K*],. Our results suggest that inactivation of
HERG has a unique intrinsic voltage sensor and a [K*],
dependence. These properties differentiate inactivation of
HERG from classic C-type inactivation, which is generally
voltage insensitive and in which recovery is accelerated by
increased [K*], (Hoshi, Zagotta & Aldrich, 1990;
Rasmusson, Morales, Castellino, Zhang, Campbell &
Strauss, 1995). This suggests that the conformational
changes which result in C-type inactivation involve more
than superficial external sites which lie outside the
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membrane field and may involve significant movement of the
membrane-spanning domains during C-type inactivation.
We also couple this activation model to a quantitative model
of HERG inactivation. This complete model reproduces the
observed transient behaviour of the expressed current and its
activation and inactivation properties. It also demonstrates
that the gating properties of Iyppg and I, are strikingly
similar.

METHODS

Mature female Xenopus laevis (Xenopus One, Ann Arbor, MI,
USA) were anaesthetized by immersion in tricaine solution
(1-5g 17" in 25 mm NaH,PO,, pH 6°8). Ovarian lobes were removed
through a small incision in the abdominal wall. The follicular layer
was removed enzymatically by placing the lobes in a collagenase-
containing Ca’*-free OR2 solution (mm: 82-5 NaCl, 2 KCl, 1 MgCl,,
5 Hepes, pH 7-4; 1-2 mg ml™ collagenase, Type I, Sigma). After
removal of the ovarian lobe, the frogs were sutured (twice in the
abdominal wall and twice in the external skin). The frogs were then
allowed to recover in a small water-filled container, with their
heads elevated above water level. Once the animal had recovered
from anaesthesia, it was placed in a separate aquarium by itself and
monitored until healed. Typically, lobes were obtained three times
from a single frog. When individual frogs no longer yielded
acceptable oocytes, anaesthetized frogs were killed by an overdose
of tricaine (20 g I™"). The oocytes were gently shaken for 3 h, with
an enzyme solution replacement at 1:5 h, and collagenase activity
was then halted as previously described (Comer et al. 1994).
Defolliculated X. laevis oocytes (stage V—VI) were injected with
50 nl ¢cRNA solution prepared as described before (Comer et al.
1994), containing up to 50 ng HERG ¢cRNA made from plasmids
kindly provided by Dr M. Keating at the University of Utah
(Curran et al. 1995). In some experiments we also used cRNA from
plasmids kindly provided by G. Robertson at the University of
Wisconsin (Trudeau et al. 1995q). This clone contained two point
mutations in the 5’ end: T595A, yielding V198E, and C607T,
yielding P202L (Trudeau, Warmke, Ganetsky & Robertson,
19968), but displayed an identical phenotype compared with the
wild-type clone.

Oocytes were voltage clamped using a two-microelectrode ‘bath
clamp’ amplifier (OC-725A, Warner Instruments Corp., Hamden,
CT, USA) as has been described in detail elsewhere (Comer et al.
1994). Microelectrodes were fabricated from 1:5 mm o.d. borosilicate
glass tubing (TW150F-4, WPI) using a two-stage puller (L/M-3P-A,
Adams & List Associates, Ltd, Great Neck, NY, USA) filled with
3M KCl, with resistances of 0-6—1:5 MQ. During recording,
oocytes were continuously perfused with control ND 96 solution
(mm: 96 NaCl, 2 KCl, 1 MgCl,, 1:8 CaCl,, 10 Hepes, at pH 74,
adjusted with NaOH). The 98 mm K* solution contained (mn):
98 KCl, 1 MgCl,, 1-8 CaCl,, 10 Hepes, pH at 74, adjusted with
NaOH. Currents were recorded at room temperature (21—23 °C)
and were filtered at 2:5 kHz for the two-electrode voltage clamp
recordings. Data were recorded on videotape using an A/D VCR
adaptor (model PCM 4/8, Medical Systems Corporation, Greenvale,
NY, USA) and digitized using pCLAMP software (Axon
Instruments). Unless otherwise stated, raw two-electrode voltage
clamp data traces were not leakage or capacitance subtracted.

Where resolution of rapid kinetic components was required,
experiments were performed using a cut-open oocyte clamp amplifier
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(CA-1a, Dagan Corp., Minneapolis, MN, USA) (Taglialatela, Toro &
Stefani, 1992) as described previously (Comer et al 1994).
Extracellular solution (ND-96) contained (mm): 96 NaCl, 2 KCl, 1
MgCl,, 1-8 CaCl,, 5 Hepes—NaOH, pH 7-4. High K* extracellular
solution contained (mm): 98 KCI, 1 MgCl,, 1-8 CaCl,, 5 Hepes—
NaOH, pH 7-4, and intracellular solution contained (mm): 98 KClI,
1:8 MgCl,, 1 EGTA, 5 Hepes—NaOH, pH 7-4. Current traces from
the cut-open oocyte clamp were leakage and capacitance subtracted
using a P/4 pulse protocol, unless otherwise noted. Cut-open
oocyte clamp data were filtered at 5 kHz. Data are shown as
means + s.E.M. Confidence levels were calculated using Student’s
paired ¢ test.

Data analysis and modelling

Data were digitized and analysed directly using pCLAMP software.
Activation time course was analysed from measurement of peak
(i.e. after recovery from inactivation) tail currents at negative
potentials. The assumption that underlies the analysis of tail
currents to characterize: activation is that the peak tail current is
proportional to the total number of channels which reside in the
activated states (i.e. the sum of the open and inactivated states).
This is true if either of two following assumptions holds true.
Assumption A is that the rate of recovery from inactivation is much
faster than the rate of deactivation during the P2 pulse. In this case
all channels recover from inactivation before appreciable
deactivation occurs. The peak current therefore represents the total
number of channels activated during the preceding pulse and is an
accurate measure of activation time course, regardless of
assumptions of independence or coupling between open and
inactivated states. Assumption B is that the ratio between open
and inactivated channels is relatively constant during the P1 pulse.
The peak current during the P2 pulse is a function of the initial
conditions and the rate constants at the recovery potential. Subject
to the standard assumption that the rate constants are time
invariant, the peak current is a function of the total number of
activated channels and the ratio between inactivated and open
channels. If the ratio between open and inactivated channels is
relatively constant then the peak current will simply be a function
of the total number of activated channels, regardless of the
coupling between open and inactivated states. Since the voltage-
dependent recovery and deactivation time constants do not change
with P1 pulse durations, the apparent activation time course should
be unaffected even if there is some overlap between inactivation
and deactivation time constants. Thus, no model-specific
assumptions concerning the independence or coupling between open
and inactivated state are built into this analysis. For all potentials
studied quantitatively in this paper, both Assumptions A and B
hold true. At —80 mV, recovery is more than an order of magnitude
faster than deactivation, validating Assumption A. At most
potentials positive to 0 mV, inactivation is an order of magnitude
faster than activation, validating Assumption B. It should be noted
that when both assumptions are satisfied, the total possibility for
error is reduced dramatically.

Mean activation data were fitted to sequential activation models
using custom programs written in Borland C++ implementing a
Marquardt optimization procedure similar to that described
previously for optimizing a model of Iy, activation to mean data
(Campbell, Rasmusson, Qu & Strauss, 1993). Model simulations
were calculated using a fourth order Runge—Kutta algorithm with a
variable step size as described previously (Campbell et al. 1993) and
implemented in Borland C++. Numerical accuracy was confirmed
by demonstrating insensitivity to step size.
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RESULTS
Activation

HERG expresses an inwardly rectifying K" -selective current
when expressed in Xenopus oocytes. The size of the current
through the channel is strongly dependent on extracellular
K" concentration (Trudeau et al. 1995; Schonherr &
Heinemann, 1996) as shown in Fig. 14, B and C. For many
channels, the concentration of permeant ions alters the
gating transitions of the channel and the channel
conductance. However, activation of HERG was insensitive
to elevation of [K™], from 2 to 98 mm as measured by the
lack of a shift in steady-state activation (Fig.1D). The
apparent time constant of activation (Fig. 1E) measured in
the potential range —40 to +20 mV was also insensitive to
[K*] elevation. Steady-state activation was obtained from
analysis of peak P2 currents similar to those in Fig. 14 and
B. Peak P2 currents were normalized to those obtained for a
P1 potential of +50 mV and plotted as a function of P1
potential to obtain the steady-state activation curve shown
in Fig. 1D. Steady-state activation was well described by a
Boltzmann function with V,, values of —21:3 and —23-7 mV
and k values of 7-03 and 667 mV in 2 and 98 mm K},
respectively, where V,, is the membrane potential at half-
maximal activation and £ is the slope factor. Apparent
activation was measured with single exponential fits to the
time course of activation in response to the initial P1
depolarization in different concentrations of [K*], (e.g.
Fig.14 and B) to provide a first approximation to the
activation process.

Previous studies of native I, have suggested that the
activation process of this channel cannot be accurately
measured at more depolarized potentials by the method of
direct fit to the activation time course (Castellino, Morales,
Strauss & Rasmusson, 1995; Liu et al. 1996). In addition,
the small outward currents carried by this channel make
quantitative analysis of the activation process difficult at
best at all potentials. To analyse the time and voltage
dependence of activation we used an envelope of tails
protocol similar to that previously used to analyse
activation of native ferret I, (Liu et al. 1996). Figure 24
shows typical current records obtained using this procedure.
Briefly, the oocytes were depolarized to the activation
potential (P1 = +50 mV, ¥, = —80 mV and [K*], = 98 mm)
for varying durations of time (At). Upon repolarization to
—80 mV, a tail current was recorded, the peak amplitude of
which was plotted as a function of At (Fig. 2B). Repeating
this protocol for test potentials of 0 to +70 mV in 10 mV
steps gave an accurate reconstruction of the time and
voltage dependence of activation. The time course of HERG
activation was clearly sigmoidal at all potentials and showed
slightly more sigmoidal delay than native I, from ferret
atrium.

The time and voltage dependence of deactivation were
measured directly from deactivation tail currents. Oocytes
were clamped from a holding potential of —80 mV to a P1
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potential of +50 mV for 3 s to activate the current fully. P1
was then followed by a P2 pulse to various potentials (—120
to +50 mV, in 10 mV increments) in the presence of 2 or
98 mm K} (Fig.2C and D). Following repolarization to
negative potentials there is a clear delay or ‘hook’ visible in
the tail currents. Such a hook is indicative of rapid recovery
from inactivation and/or rectification followed by a slower
decay of the current due to deactivation (Shibasaki, 1987;
Sanguinetti et al. 1995). The mean results are plotted in
Fig.2E. Clearly, the deactivation time constants are
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strongly voltage dependent, suggesting that the open state
or the duration of an open burst state (Kiehn, Lacerda,
Wible, Sanguinetti, Keating & Brown, 1996) is voltage
dependent and is modelled as a voltage-dependent step that
communicates directly with the open state, similar to
previous findings for Iy, in native myocytes (Liu ef al. 1996).

To guide our development of a model of the activation process
we examined the degree of sigmoidicity of onset by curve
fitting of the activation data. We examined the sigmoidicity
of the onset of activation using an envelope of tails protocol
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Figure 1. Properties of HERG expressed in Xenopus oocytes exposed to 2 and 98 mm K}

A, typical Iypre currents recorded in 2 mm K[ in response to a series of depolarizing P1 pulses for
3000 ms to potentials ranging between —100 and 450 mV followed by a 5000 ms P2 pulse to —40 mV
(V, = —80 mV). B, currents recorded from the same oocyte as in 4 but with 98 mm K} in response to a
series of depolarizing P1 pulses for 3000 ms to potentials ranging between —100 and +50 mV and returned
directly to V;, (—80 mV). C, fully activated peak tail current. Currents (not shown) were recorded from a P1
pulse to +50 mV for 3000 ms to fully activate the channel, followed by a P2 pulse to different potentials
ranging between —120 and +50 mV to elicit tail currents (¥, = —80 mV) in 2 and 98 mm K. D, mean
fully activated peak tail currents. Data obtained by using the protocol shown in 4 and B were normalized
by the maximal outward current (P1 = +50 mV; paired data, n = 4). The continuous lines represent fits of
the Boltzmann distribution to the data. ¥, was —21-3 and —23-7 mV and & was 7-03 and 6-67 mV for 2 and
98 mm K3, respectively. E, voltage and concentration dependence of apparent activation time constants
determined using direct fit analysis to P1 currents. Activation time courses similar to those during P1 of 4
and B were fitted to a single exponential equation and the mean time constants (paired data, n = 4) were
plotted against activation potentials. No significant [K*],-dependent change in apparent activation rate
was found. In all panels, @ denotes 2 mm K and ® denotes 98 mm K.
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similar to that described above except that the activation
pulse was preceded by a prepulse to —120 mV for 400 ms.
This prepulse was employed to maximize the degree of
sigmoidicity. Sigmoidicity is maximized because the resting
potential may not reflect a fully deactivated channel.
Additional closed states, and increased sigmoidal delay, may
be achieved by hyperpolarization, as demonstrated by Cole
& Moore (1960). The activation potential was to +50 mV.
We then fitted this activation time course with a series of
simple activation models as follows:
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The fit for each of these models is shown in Fig. 3; those of
mean data are shown in the left-hand column of the figure
and the residual errors are plotted in the right-hand column.
The model with only one closed state obviously fits the data
poorly and the residual error plot shows the characteristic
behaviour of a model fit which is of too low an order. The
error resulting from the fit to the data showed systematic
behaviour, first being negative, then becoming positive and
finally returning to negative values. These runs in the sign
of the error can be used as a measure of the goodness of fit
for a particular set of data. We used a test based on runs
above and below the data fit. If the probability that the
distribution of runs above and below the data was due to a
random distribution and was less than 0:05 then the model
was rejected in favour of a higher order formulation.
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Figure 2. Kinetic properties of activation and deactivation of Iyzrg

A, activation time course estimated using tail current measurements. Representative tail currents were
elicited by depolarizations to +60 mV from a holding potential of —80 mV using different P1 durations. For
a complete set of measurements, oocytes were held at —80 mV and then stepped to a P1 potential (0 to
+70 mV) for varying periods of time before repolarization to —80 mV. Experiments were performed in
98 mm K}. B, mean activation time course of peak tail currents obtained for pulses to varying P1
potentials. Currents were measured as peak currents during repolarization to —80 mV and normalized to
the maximum inward tail current measured following various periods of depolarization to +70 mV (data
plotted as means + sEM, n=3;@,0, B, 0, A, A, ¢ and O denote 0, 10, 20, 30, 40, 50, 60 and 70 mV,
respectively). C, current traces used to measure deactivation time course in 2 mm K. The holding potential
was —80 mV. A depolarizing prepulse to +50 mV of 3000 ms duration delivered to the oocyte was applied
before subsequently stepping to various potentials (+50 to —120 mV in 10 mV increments). D, data from
the same oocyte as C and using the same protocol but with 98 mm K. E, mean voltage dependence of
deactivation time constants from experiments C and D. The mean time constants from four experiments
were plotted against deactivation potentials. @ denotes 2 mm K} and M denotes 98 mm K.
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Although the fit of the two closed state model provided a
more appealing visual fit to the data, examination of the
systematic error showed that it too was not adequate to
describe the data. The fit to the data for a three state model
could not be rejected, and higher order models failed to
show substantial improvement in the visual quality of the
fit, the systematic distribution of error or the total residual
error. Therefore, for further analysis and model construction
we chose a three closed state model for activation.

Another finding concerning activation of I, in native
myocytes was that the voltage dependence of activation
suggested a voltage-insensitive step that became rate
limiting at positive potentials. The evidence for such a step
was that the rate of activation at very positive potentials
did not increase with increasing depolarization (Liu et al.
1996). As can be seen in Fig. 2B, the time to half-activation
is approaching a constant value although it does not quite
become constant at the potentials studied. Since the data in
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Fig. 2B suggest that the decrease in half-activation time
was due to a reduced degree of sigmoidal delay, we examined
the late phase of activation (Hoshi et al. 1994). The data in
Fig.4A4 are the activation time courses from Fig.24
beginning at time ¢ = 93 ms. The continuous lines are single
exponential fits to the data during the late phase of
depolarization. The late time constants of activation are
plotted in Fig.4B. As can be seen from this plot, the late
phase of activation becomes voltage insensitive at positive
potentials, reaching an asymptotic value of 68 + 10 ms as
estimated from the fitted exponential in Fig. 4B. This type
of voltage dependence of the late component suggests that
activation includes a voltage-insensitive step (Hoshi et al
1994).

Following the example of the kinetic characterization of the
Iy, current in ferret atrial myocytes, we modelled the
activation process of Iyppq. The basic model we used was an
extension of the one proposed for Iy, in native ferret
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Figure 3. Analysis of the degree of sigmoidicity of activation

Oocyte currents were measured with a tail current procedure similar to that shown in Fig. 24. The only
difference was that a prepulse to —120 mV for 400 ms was applied prior to activation of the current to
maximize any apparent Cole—Moore shifts (Cole & Moore, 1960) in activation sigmoidicity. The left-hand
column shows the mean activation time course data for an activation potential of +50 mV with the order of
the model and resulting fit. The right-hand column shows the distribution of the data error about the fitted
curve. The systematic distribution of this error was used as a criterion for rejection of models. The
distribution of errors for the one and two closed state models was statistically significantly different from
that expected from a purely random distribution with a P < 0-05 using a test based on runs above and

below the mean.
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Table 1. Summary of HERG channel dynamic characteristics

Activation

a,, = 0-022348exp(0-01176 V) ms™

ke = 0-023761 ms™

a,, = 0:013733exp(0-038198 V) ms™
Bao = 0-047002exp(—0-0631 V) ms™

k, = 0-036778 ms™"

Bai = 0-0000689 exp(—0-04178 V,,)) ms™

Inactivation

2 mm KC1

a, = 0:090821 exp(0:023391 V) ms™
B, = 0-006497exp(—0-03268 V,)) ms™

98 mm KCl

a; = 0:030819exp(0-02459 V,,) ms™
B, = 0012687 exp(—0-01402 V) ms™

V., is the membrane potential in millivolts. The other terms are explained in the text.

myocytes (Liu et al. 1996). As suggested by the voltage
dependence of deactivation tails, the final closed to open
transition was modelled as a voltage-dependent step. To
account for the saturation in rate of the late phase of
activation, this step was preceded by a voltage-insensitive
step, similar to that for Ig,. In addition, the lack of
saturation in the sigmoid delay in activation kinetics
suggests that an additional weakly voltage-dependent step
might precede the voltage-insensitive activation step.
Therefore, the activation model used was of the form:

Qa0 kg

Figure 4. Apparent saturation in the late phase of
activation at positive potentials

where C,, C, and C, are the closed states in the activation
pathway, O is the open and conducting state, a,, and a,, are
the forward voltage-dependent rate constants, f,, and f,,
are the backward voltage-dependent rate constants, k; is
the voltage-insensitive forward rate constant and £, is the
voltage-insensitive backward rate constant (numerical values
are given in Table 1). This model fitted well to the mean
activation time course data, the steady-state activation data
and the deactivation data in the negative range of potentials.
As shown in Fig. 5, the model matched the experimentally
observed data closely. The saturating forward time constant
1/k, was 42 ms (see Table 1) which was much slower than
the final step (1/a,,, ~5 ms), slower than the initial weakly
voltage-dependent step (1/a,, ~20ms) and was in

A

Normalized current

A, the data from Fig. 2B were truncated to begin at t = 93 ms to
emphasize the late phase of activation. This late phase was fitted
with a single exponential. B, the time constants from A are plotted
as a function of test potential. The time constants of activation
showed an exponential dependence on membrane potential as
shown by the fitted curve. However, this exponential did not decay
to zero at positive potentials. Instead it reached an asymptotic
value of 68 + 10 ms (shown as a straight line). This suggests the
existence of a relatively voltage-insensitive step which becomes
dominant at very positive potentials.
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reasonable agreement with the single exponential late fit to
the data of 68 + 10 ms measured experimentally.

Inactivation

The rectification properties of Iygpps expressed in Xenopus
oocytes is largely due to rapid inactivation. Despite the
rapid kinetics of this inactivation mechanism, it has been
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demonstrated that it is not an N-type mechanism but is
presumed to be due to a closure of the external mouth of the
channel, or C-type mechanism (Smith et al. 1996). The ‘on’
rate of this rapid inactivation shows a strong sensitivity to
[K*], as predicted for a C-type mechanism. On this basis, it
has been proposed that strong dependence of the size of this
current on [K*], is due to modulation of inactivation. To

Figure 6. Development of inactivation at
positive potentials

A4, currents elicited during a three-pulse
protocol using the cut-open oocyte clamp
technique and 2 mm K. A 600 ms P1 pulse
to +50 mV was applied, followed by a P2
pulse to —80 mV for 60 ms to remove
inactivation without allowing deactivation to
occur, followed by a P3 pulse to potentials
from —100 to +50 mV. B, currents during the
P3 pulse of 4 expanded to show the time
dependence on rate of inactivation.

C, currents elicited from the same oocyte as 4,
but with 98 mm K. D, currents during the
P3 pulse of C expanded to show time
dependence on rate of inactivation.
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evaluate this proposal in a quantitative fashion, we
characterized the time and voltage dependence of HERG
inactivation. As this inactivation process is very rapid, we
used the cut-open oocyte technique (Taglialatela et al. 1992)
to resolve inactivation kinetics. We measured the time and
voltage dependence of inactivation directly, using a three-
pulse protocol as described previously. A P1 pulse to +50 mV
was initially applied for 600 ms to activate HERG fully,
which was followed by a P2 pulse to —80 mV for 60 ms to
remove inactivation without allowing sufficient time for
significant deactivation to occur (7 > 500 ms at —80 mV). A
final P3 pulse was then applied to different potentials from
—100 to +50 mV. An example of currents recorded using
this protocol for a P3 pulse to 450 mV is shown in Fig. 64.
Representative currents (for potentials of —100 to +50 mV)
during P3 are shown on an expanded scale in Fig.6B.
Repeating the pulse protocol in the presence of 98 mm K
in the extracellular chamber greatly increased the current
and slowed the inactivation rate (Fig. 6C and D). The time
constants of development of inactivation during P3 from the
same voltage clamp protocol were measured directly by
fitting single exponential curves to current decay in the
range —60 to +50 mV.

Recovery from inactivation was also measured using
protocols similar to those described for Iy, and Iippe
(Sanguinetti & Jurkiewicz, 1990; Sanguinetti et al. 1995;
Liu et al. 1996) and using the cut-open oocyte clamp
technique. Oocytes were stepped from a holding potential of
—80 mV to a P1 potential of +50 mV for 600 ms to activate
and then inactivate the current. This was followed by a P2
pulse of different amplitudes (—120 to +40 mV in 10 mV
increments) as shown in Fig. 74. Oocytes were then exposed
to 98 mm K and the procedure was repeated (Fig.7B).
Surprisingly, the rate of recovery from inactivation was

Figure 7. Measurement of recovery from inactivation
of Lizra

A, oocytes were clamped using the cut-open oocyte clamp
technique. A preconditioning pulse to +50 mV was applied
for 600 ms to allow the current to fully activate and
inactivate (this portion of the record is truncated in order to
make the recovery process more visible). Recovery was
observed as the time-dependent initial increase in current
at potentials varying between —50 to —110 mV. Continuous
lines are the double exponential fits to the current from the
end of the capacitive transient to the end of the tail
currents, giving time constants of recovery from
inactivation. The slower time constant was of opposite
amplitude and was assumed to be due to deactivation.

B, current traces from the same cell with the same voltage
clamp protocol as in A but with [K*], of 98 mm.
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greatly slowed, contrary to the behaviour also previously
described for C-type inactivation in Kv1.4 channels
(Rasmusson et al. 1995). To quantify the change in the rate
of recovery from inactivation, the initial increase in tail
current during P2 was fitted to an exponential. In potential
ranges where deactivation overlapped with recovery from
inactivation, a two-exponential fit was used to separate the
two components. The mean time constants for recovery
from inactivation are plotted in Fig. 8B (filled symbols).

Steady-state inactivation was also measured from the same
protocol as in Fig. 6 as described previously for I ,. Briefly,
the steady-state inactivation relationship was calculated as
the ratio of the currents measured 100 ms after the
beginning of P3 to the instantaneous currents measured at
the beginning of P3 in Fig. 6 for potentials positive to
—80 mV. This measurement estimated inactivation relative
to steady-state inactivation at —80 mV. The value of steady-
state inactivation for more negative potentials was obtained
by estimating the additional relief of inactivation by hyper-
polarizing P3 pulses from —80 to —100 mV as described in
the legend of Fig. 6. These data showed a strong shift of
steady-state inactivation to more positive potentials with
increasing [K*], (Fig. 84).

We examined the relationship between the experimentally
determined kinetics of inactivation and the measured
steady-state inactivation for both 2 and 98 mm K} by fitting
both sets of data with simple voltage-dependent (Hodgkin &
Huxley, 1952) type rate constants. As can be seen from the
smooth fits to the mean data (Fig. 8) such a simple first
order model fits the data obtained at both 2 and 98 mm K
well. This fitting procedure shows that despite an apparently
equal slowing of forward and backward rate constants the
kinetic data are consistent with an ~30 mV shift with
increased [K*],.
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Drawing from the example of the gating characterization of
ferret I, we combined our activation model with our
inactivation model in a linear scheme as follows:

Qao ks Aay ai
C, C, C, 0 > T
ﬂao kb ﬂal ﬂi
Model 1

The model parameter values and equations are given in
Table 1. This model was combined with the previously
reported non-linear instantaneous current—voltage relation-
ship (Wang et al. 1996 b) for this channel at each concentration
to produce the simulated currents shown in Fig. 9. In these
simulations the instantaneous current used was derived
from the previously measured instantaneous I-V relationship
for this channel expressed in Xenopus oocytes (Wang et al.

A
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19966). Figure 94 shows Iprs in response to a series of
depolarizing pulses (—100 to 50 mV in 10 mV increments)
for 3 s from a holding potential of —80 mV and returned to a
deactivation potential of —40 mV for 5s in 2mm K.
Figure 9C shows the simulated currents predicted by the
model for the same protocol. Figure 9B shows measured
Iyggre in response to a series of depolarizing pulses (—100 to
+50mV in 10 mV increments) for 3s from a holding
potential of —80 mV and returned to a deactivation potential
of =80 mV for 3s in 98 mm K. Figure 9D shows the
simulated currents for the same protocol. These simulations
show that the model closely reproduces the experimentally
observed time-dependent rectifying behaviour.

Increased [K*], has been reported to increase the magnitude
of both Iygre and Iy . For Iyppe it has been suggested that
this increase in total current is due to the effects of [K*],
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Figure 8. Mean inactivation data and model fit

A, steady-state inactivation relative to the degree of inactivation at —80 mV was calculated as the ratio of
currents measured 100 ms after the onset of the P3 pulse (see Fig. 6 and Liu et al. 1996) to the
instantaneous currents measured at the same potentials in 2 (@) and 98 mm (W) K{. The resulting ratios
were then normalized to the degree of inactivation at —80 mV which was measured as the time-dependent
increase in current relative to that occurring at —100 mV during the P3 pulse. Saturation in the degree of
steady-state inactivation was observed in the range —70 to —100 mV in 98 mm K} and —70 to —100 mV in
2 mum K7, indicating that relief of inactivation was complete at —100 mV in both cases. No correction was
applied for overlapping deactivation because the inactivation and deactivation time constants were
separated by over an order of magnitude in this range of potentials and any overlap would be further
reduced if inactivation and deactivation were coupled through obligatory- channel opening. Steady-state
inactivation was fitted with an a,(V,) and ,(V,) (Inacty, = 1/{l + o;(Ve)/Bi(Vm)}) to this data and
simultaneously with the data in B. Data in 2 and 98 mm K} were fitted independently and yielded a
separate set of parameter estimates (see Table 1). B, voltage dependence of inactivation time constants.
Open symbols are time constants of development of inactivation (Fig. 6 and Wang et al. 1996). Filled
symbols are recovery time constants obtained by fitting the current traces described above. O and @, 2 mm
KCl; O and m, 98 mm KCIL. Data shown are means + s.E.M. (paired data, n=4). The continuous line
represents the results of simultaneous fitting of a;(V,,) and g,(V,), where 7, =1/(e;(Vy,) + 8,(Va)) and
&,(V) = Ay exp(A, V) and B( V) = B exp(B, V).
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on inactivation (Spector et al. 1996; Wang, Trudeau &
Robertson, 1996a; Yang, Snyders & Roden, 1996) while the
instantaneous current—voltage relationship is thought to be
uninvolved. However, others have reported that increased
[K*], alters the instantaneous I-V relationship for this
channel as well (Wang et al. 19965). In addition, Shibasaki
(1987) demonstrated that I, single channel conductances
are strongly sensitive to [K*],. We examined the ability of
the measured [K*], sensitivity of inactivation to increase
current magnitude using model simulations. For these
simulations, we used an identical linear conductance for
both 2 and 98 mm K} and altered kinetic parameters of
inactivation. The linear approximation should be valid in
the negative range of potentials for this channel (Smith et al.
1996; Spector et al. 1996; Wang et al. 19968). Figure 104
shows the simulated currents for a channel which is at
steady state at —80 mV, then stepped to +50 mV for 3 s to
activate the current and then stepped to various potentials
(—120 to 440 mV in 10 mV increments) for 3 s to simulate
tail currents in 2 mm K?. Figure 10B shows the identical
simulations, but with inactivation parameters compatible
with 98 mum K. Figure 10C shows the peak tail current I-V
relationship for the two simulations. Mean experimental
peak tail current data taken from the same protocol are
shown in Fig. 10D. All currents were normalized to the value
of the peak tail current measured at —80 mV in 2 mm K.
The change observed experimentally was much larger (by a
factor of approximately eight) than the changes predicted
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solely on the basis of altered inactivation. These simulations
suggest that changes in the single-channel conductance
contribute to the total activation due to increasing
extracellular [K™],.

Another important feature of the linear model of I, was
the appearance of a transient component (Liu et al. 1996).
The simulations in Fig. 114 show the predicted currents
during the ‘on’ pulses from a holding potential of —80 mV
to potentials between +20 and +50 mV in 2mm K.
Figure 11B shows the experimental records in 98 mm K¢
from an oocyte subjected to the same protocol. The model
reproduces the main characteristics of the experimentally
recorded Igprg, including a very small transient component
observed at very positive potentials in 2 mm K} (Fig. 110).
This transient component becomes much larger in both the
model and the experimental data when [K*], is 98 mm as
shown in Fig. 11B and D.

DISCUSSION

This paper describes a quantitative analysis of the activation
and inactivation properties of the macroscopic current of
HERG expressed in Xenopus oocytes. Partial kinetic
descriptions of some properties of this current have
appeared before, but this is the first complete general model
characterization of both activation and inactivation
properties. The similarities in gating characteristics to those

+50 mV

=100

1 pA

2000 ms

Figure 9. Comparison of data and model for 2 and 98 mm K}

A, typical Lipge recorded in 2 mm K in response to a series of depolarizing P1 pulses for 3000 ms to
potentials ranging between —100 and +50 mV followed by a 5000 ms P2 pulse to —40 mV (V, = —80 mV).
B, currents recorded from the same oocyte as 4 but with 98 mm K7 in response to a series of depolarizing
P1 pulses for 3000 ms to potentials ranging between —100 and +50 mV and returned directly to ¥,
(—80 mV). C and D, model simulations of the current records described in 4 and B above.
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previously identified for ferret atrial Iy, help validate the
link between HERG and I,.

Activation

Measurement of the activation process using the envelope of
tails procedure allowed quantitative analysis of the activation
time course. Activation showed a sigmoidal time dependence.
Other evidence suggested a relatively voltage-insensitive
step during activation that was similar to that observed for
ferret atrial I,. The deactivation tail currents suggested
that the open state communicates directly with a voltage-
sensitive rate-limiting final transition from the closed state.
We should note that the open state as described in this
paper is an aggregate conducting state. By aggregate
conducting state we mean that it may be a single open
conformation or it may be an aggregate of conformations,
e.g. a bursting state. If the open channel shows bursting
behaviour, as has been previously suggested in single channel
studies (Kiehn, Lacerda, Wible, Sanguinetti, Keating &
Brown, 1996), then a brief-lived closed state may exist as
the final step in the activation pathway.

S. Wang, S. Liu, M. J. Morales, H. C. Strauss and R. L. Rasmusson

J. Physiol. 502.1

The analysis of the sigmoidal activation of I, has indicated
that at least two closed states are required to reproduce the
kinetic behaviour of the current quantitatively. However, Liu
et al.(1996) could not rule out the possibility that additional
voltage-sensitive and voltage-insensitive steps exist in the
activation process (i.e. closed state transitions). In fact, they
proposed that small deviations between the model and their
data suggested that additional activation steps may occur.
For example, these simulations deviated from the data at
early time points (between 0 and 50 ms) for very positive
potentials. This deviation suggested some additional delay,
possibly due to additional closed states in the activation
pathway. In addition, the holding potential used (—40 mV)
in the ferret atrial I, experiments of Liu et al. (1996) was
very close to the threshold for activation of I, In fact,
their model predicted that ~5% of the total current would
be activated at this holding potential. This positive holding
potential would decrease the degree of sigmoidicity (i.e.
through Cole—Moore shifts (Cole & Moore, 1960)).

The activation data for this channel were suggestive of a
voltage-insensitive step in the activation pathway. Such a
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Figure 10. Degree of current activation due to changes in gating characteristics

A, simulation of peak tail currents assuming a linear instantaneous I-V relationship in 2 mm Kj. The
holding potential was —80 mV. A depolarizing prepulse to +50 mV of 3000 ms duration was delivered to
the oocytes before subsequently stepping to various potentials (=120 to +50 mV in 10 mV increments).
B, simulations using the same protocol, assuming an identical linear conductance as 4 but with inactivation
parameters and a reversal potential suitable for 98 mm K. C, simulated peak tail currents measured from
panels 4 and B. The net model currents were normalized to the value of peak tail current for a P2 potential
of —120 mV in 2 mm K. D, experimentally measured peak tail current in 2 and 98 mm K. The net
experimentally measured currents were normalized to the value of peak tail current for a P2 potential of
—120 mV in 2 mm K} for comparison with the simulation result. Note that the model without a change in
‘open channel’ conductance only accounts for a small fraction of the total increase in the experimentally

observed current.
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Figure 11. Data and simulations demonstrating a transient component of the Iyzgq at positive
potentials
A, early portion of Ipg elicited in response to a step in potential from —80 to +20mV through +50 mV
in 2 mm K. Data were leakage subtracted. B, data from same protocol but with 98 mm K. C and D,

simulations of the data in A and B. These simulations included the measured instantaneous I-V
relationship for the currents (Wang et al. 1996). Note the similarity in the time course of the transient
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between the simulated and measured data.

step preceding opening is unique to Iy, and Ipgre among
voltage-gated K* channels. Examination of the S4 sequence
of the putative voltage-sensing region of HERG, provides
little insight as to why activation should be so different in this
channel as opposed to Shaker and the known mammalian
homologues (Fig. 12). The positively charged residues are
well conserved through most of the S4 region in all the
different voltage-gated K* channels. However, near the end
of the cytoplasmic side of S4 in HERG there is one charge
reversal at position 540 and additional positive charges at
positions 538 and 541. In addition, there is an aspartate
residue at position 544. Potentially, the proximity of these
charged residues may result in local neutralization of some
of the voltage sensor through salt-bridge formation. Such
interactions could potentially reduce the voltage sensitivity
of some activation transitions involving the S4 voltage sensor
of HERG. However, it is also possible that lipophilic or
allosteric mechanisms are responsible for the voltage-
insensitive step in HERG activation.

A recent study has demonstrated a strong dependence of
the myocyte Iy, deactivation process on external divalent
cations (Ho, Earm, Lee, Brown & Noble, 1996). A simple
open channel block model was proposed in which block by
divalent ions mediated a fast voltage-dependent deactivation
process. We performed preliminary studies in which [Mg®*],
increased from 1 to 10 mM produced at best a modest
increase in deactivation rate (from 293 + 81 to 245 +
60 ms, n=3 at a deactivation potential of —100 mV)
suggesting that the heterologously expressed channel may
not have this same sensitivity to block by external divalent
cations. This difference may reflect missing ancillary
subunits or the presence of alternative splice variants of
HERG in the native cells.

Inactivation

Previous studies have demonstrated that the rectification
properties of Iy, and Igpgpg arise from a rapid inactivation
process. This study includes the first complete quantitative
characterization of the voltage dependence of macroscopic

+ +
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Figure 12. Alignment of the sequence in the S4 and flanking regions of HERG relative to Kv1.4
and Shaker

The figure shows an alignment of the putative S4 voltage sensor (residues 518—544 for HERG, 355-381 for
Shaker and 438—464 for Kv1.4). Note the disruption in the repeat of the last two positively charged
residues near the C-terminal end of HERG and the presence of negatively charged residues near each end
of S4. Sources of sequence information: HERG, Warmke & Ganetzky (1994); Shaker, Papazian, Schwarz,
Tempel, Jan & Jan (1987) and Kv1.4, Comer et al.(1994).
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HERG inactivation. Inactivation of HERG displayed
interesting voltage sensitivity. Time-dependent inactivation
of HERG has been previously shown to be strongly voltage
dependent in the hyperpolarized range of potentials, with
recovery from inactivation becoming faster with increasing
hyperpolarization (Sanguinetti et al. 1995). Similarly, it has
also been demonstrated that inactivation in the positive
range of potentials is also strongly voltage dependent (Wang
et al. 1996a,b). This study showed the classical ‘bell-shaped’
voltage dependence of the time constant of inactivation of
HERG and that its behaviour could be well described by a
simple voltage-dependent Hodgkin & Huxley (1952) type
gating variable.

This ‘bell-shaped’ voltage dependence is distinct from both
N-type and C-type inactivation mechanisms described for
voltage-gated K* channels. In both Shaker and Kvl.4
channels C-type inactivation is a voltage-insensitive process
at positive potentials (Hoshi et al. 1990; Rasmusson et al.
1995). Any apparent voltage dependence arises from direct
coupling to activation. Such a coupling-type mechanism is
unlikely to explain the voltage dependence noted here.
Inactivation continues to be voltage dependent at potentials
where activation is essentially complete. Two additional
observations that suggest that the voltage dependence of
inactivation does not arise from activation are: (1) the slopes
of steady-state activation and inactivation relationships
differ by more than a factor of two; and (2) the activation
properties of HERG are insensitive to increased extra-
cellular K* while the inactivation rate (Figs 1 and 2) and V,,
of inactivation are shifted positively by ~30 mV. The non-
parallel properties of activation and inactivation are
indicators that the voltage dependence of inactivation is
independent of the voltage dependence of activation. Thus,
inactivation of HERG has unique intrinsic voltage sensitivity
similar to that observed for I,.

Rapid inactivation of HERG is sensitive to 100 mm TEA
(Smith et al. 1996), elevated extracellular potassium (Wang
et al. 1996) and mutations near the exterior mouth of the
channel (Smith et al. 1996; Schonherr & Heinemann, 1996)
and is insensitive to N-terminal deletion (Spector et al.
1996; Schonherr & Heinemann, 1996). For these reasons,
inactivation of HERG has been labelled C-type. However,
our own and other studies reveal that HERG inactivation
shows several properties that are biophysically distinet from
‘classic’ C-type inactivation. (1) The rate of recovery from
C-type inactivation is generally thought to increase with
increasing [K*], (Baukrowitz & Yellen, 1995; Rasmusson et
al. 1995), in contrast to the rate of recovery of HERG
inactivation which decreased with an increase of [K'],.
(2) The rate of development of C-type inactivation is voltage
insensitive at potentials positive to the threshold for
activation (Hoshi et al. 1990; Rasmusson et al. 1995); in
contrast HERG inactivation is voltage sensitive at such
potentials. (3) Shaker and Kv1.4 mutant channels that have
a fast rate of development of C-type inactivation usually
have a slow rate of recovery (Hoshi et al. 1990; Lopez-
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Barneo, Hoshi, Heinemann & Aldrich, 1993; Rasmusson et
al. 1995); HERG has both a rapid development of C-type
inactivation and a rapid recovery from inactivation. Thus,
the inactivation mechanism of the HERG channel shows
several unique properties that contrast with the properties
described for C-type inactivation in other channels. This
raises the possibility that the term C-type inactivation may
include more than one distinct mechanism (e.g. P-type
inactivation; DeBiasi, Hartmann, Drewe, Taglialatela,
Brown & Kirsch, 1993).

Physiological implications

The physiological importance of HERG to the repolarization
of cardiac muscle is well established because of the link
between mutations in this gene and an inherited form of
long QT syndrome (Curran et al. 1995). The native current
attributed to this gene product, Iy, has been difficult to
study in many native cell types, including human cardiac
myocytes, because it is small compared with other over-
lapping K™ currents (e.g. I, I, and Lc,;) (Wang et al. 1993;
Wang, Fermini & Nattel 1994; Muraki et al. 1995; Liu et al.
1996). This has made quantitative analysis of many of its
kinetic properties difficult at best. Unfortunately, the time
and voltage dependence of currents are the determining
factor in their physiological role in the regulation of action
potential repolarization. Our study validates two novel
types of time- and voltage-dependent behaviour of Iy, as
measured through E-4031-sensitive currents. First, a slow
sigmoid time course of activation of Ijpps currents at
positive potentials was established that matched the
previously observed kinetics for the native channel (Liu et al.
1996). The sigmoidicity measured for HERG required more
states to reproduce than was required for native ferret I,
but this quantitative difference most likely reflects the
better isolation of Iypps from overlapping currents in the
cloned channel. More negative holding potentials (—80 to
—120 mV for oocytes vs. —40 mV for myocytes) would tend
to maximize Cole—Moore shifts in the sigmoidicity of
activation. Second, a transient outward peak of current was
observed during sudden depolarization to positive potentials
similar to that observed in ferret atrial myocytes (Liu et al.
1996). The observation of these parallel results in the cloned
channel analogue of I, strengthens the confidence that the
drug-sensitive current behaviour in native myocytes reflects
the behaviour of a single well-isolated channel type.
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